Abstract-We present a noncontact method to measure ballistocardiogram (BCG) and photoplethysmogram (PPG) simultaneously using a single camera. The method tracks the motion of facial features to determine displacement BCG, and extracts the corresponding velocity and acceleration BCGs by taking first and second temporal derivatives from the displacement BCG, respectively. The measured BCG waveforms are consistent with those reported in the literature and also with those recorded with an accelerometer-based reference method. The method also tracks PPG based on the reflected light from the same facial region, which makes it possible to track both BCG and PPG with the same optics. We verify the robustness and reproducibility of the noncontact method with a small pilot study with 23 subjects. The presented method is the first demonstration of simultaneous BCG and PPG monitoring without wearing any extra equipment or marker by the subject.
I. INTRODUCTION
B ALLISTOCARDIOGRAM (BCG) measures repetitive body motion caused by the cardiac contraction and ejection of blood during cardiac cycles. BCG waveform contains features that can indicate some physiological attributes [1] , [2] , and an irregular BCG may reveal abnormal circulation and cardiac diseases [3] - [6] . Typically, a BCG waveform consists of several waves, which are distinguished by shape, relative amplitude, and the sequence of occurrence. Each of these constituents is associated with a different cardiac event [7] . For instance, the "IJ wave" of acceleration BCG may be used to measure ejection force and stroke volume [8] - [12] . An increase in the IJ amplitude implies an increase in cardiac ejection, which can be used as a potential indicator of recovery in patients with heart diseases.
Starr introduced modern BCG in 1930s [1] - [3] , [6] , [11] - [14] . Traditionally, BCG measurements used table-based apparatuses, such as suspended bed [13] and suspended rigid platform [15] . Elliott et al. developed an electrochemical method to measure BCG [16] . These BCG apparatuses were bulky and hard to implement compared with other medical procedures, such as electrocardiography (ECG), which led to a decline in the use of BCG after 1970s. With the development of new sensor technologies, BCG has attracted research interest again in recent years. An ear-worn device was demonstrated for ECG, BCG, and photoplethysmogram (PPG) monitoring [9] , [17] - [19] , where the BCG was obtained from an accelerometer integrated in the device. Other approaches used to measure BCG include weighing scale [8] , [20] - [23] , polypropylene film coated with electrically conductive layers [24] , [25] , and force sensor mounted in bed [26] . In addition to these acceleration and force measurements, displacement BCG was also obtained using a linear variable displacement transformer position sensor [27] .
The aforementioned BCG monitoring methods require direct contact between the measuring instrument and subject, which is not always desirable. A noncontact video-based method can provide a more natural and comfortable way for BCG monitoring. Moreover, it is a magnetic resonance imaging-safe measurement that can track the subject's cardiac activities in a changing magnetic field environment [28] . However, noncontact monitoring of BCG is not well established. Balakrishnan et al. [29] detected the heart rate by tracking the vertical movement of the head, but the full BCG features were not resolved. Krug et al. [28] used a camera to track the motion of a marker with moiré pattern worn by the subject on the nasal bridge. The subject also needed to wear a head coil fitted with a cushion to avoid motion artifacts.
PPG tracks the blood volume change caused by cardiac activity. Single-wavelength PPG can be used to monitor heart rate, heart rate variability (HRV), and respiration rate [30] - [32] . Dual-wavelength PPGs can be used to measure blood oxygen saturation [33] , [34] . Two PPGs or one PPG with another cardiac signal (ECG or BCG) can further provide pulse transit time [35] , [36] . Traditional PPG measurements are based on contact methods. Recently, noncontact PPG measurement by using a camera has been demonstrated by several groups [30] , [33] , [37] , including us [35] .
In this paper, we report a noncontact method to monitor BCG and PPG simultaneously at the same body location using a single camera. To the best of authors' knowledge, this is the first demonstration of simultaneous BCG and PPG monitoring without wearing any extra equipment or marker by the subject. The BCG measured using the presented noncontact method showed a similar waveform as that measured using direct body BCG system [14] . Furthermore, we validated the method by comparing the BCGs with those recorded with an accelerometer worn by the subjects.
II. METHODS

A. Data Acquisition
A Pike color camera (F-032C) was used to capture the video of a subject's face at a frame rate of 60 frames/s under indoor ambient light condition [see Fig. 1(a) ]. BCG acquisition is easily affected by various noise factors, such as respiratory activity and random body movement [1] . To minimize the latter, the subject was asked to lie down, face upward, on a yoga mat at a distance of approximately 0.5 m from the camera lens. Based on current experiment setting, one pixel in the captured image is equivalent to approximately 1 × 10 -4 m on the subject's face. The video was recorded for 30 s in each experiment. The first 10 s of the video are discarded during processing, since that is the amount of time it takes the camera to ramp up to the desired stable frame rate of 60 frames/s. BCG and PPG were determined from the video with different algorithms as described below [see Fig. 1(b) ].
For BCG detection, we selected a region of interest (ROI), including at least one facial feature. For each subject, based on his or her personal characteristics, we found multiple options of the facial feature that could be used to track BCG. Examples of the features that we have successfully used include mole, facial hair, nostril, acne, and skin pigmentation. The BCGs from different facial features on the same subject were similar (see Fig. 3 ).
Mouth, and its surrounding area, was selected as the ROI due to the availability of abundant distinct facial features for BCG tracking [see Fig. 1(c) ]. The PPG signal obtained from this ROI was also satisfactory.
B. Signal Processing
Feature points in the defined ROI were detected from the first frame of the video based on the method proposed by Shi et al. [38] . The motion of each detected feature point was tracked over video frames with the Kanade-Lucas-Tomasi (KLT) algorithm [39] , [40] . For an affine motion field
where d is the translation of the feature window's center, and D is the deformation matrix, which is given by
KLT determines the motion parameters D and d that minimize the dissimilarity ϵ between two adjacent frames, viz., I and J, in a given feature window around position x. ϵ is expressed as
where w(x) is the weighting function. The vertical displacement (in the direction along feet to head) contains BCG [17] , [28] , which was analyzed in detail. To convert the feature dimensions represented in terms of the number of pixels into meters, we defined a conversion factor as
This conversion factor was determined by measuring facial feature dimension (e.g., mouth) using a ruler and counting the pixel numbers of the corresponding feature in the image.
For each frame, n, the vertical components of point locations, y i , were averaged over all the detected feature points, and plotted against time to provide displacement BCG d , which can be written as
where k is the number of detected feature points and may vary depending on the type of facial feature. The first and second temporal derivatives of the displacement BCG were then calculated, leading to velocity BCG v and acceleration BCG a , respectively.
We used a method introduced in [31] to calculate PPG, whereby the image intensities of green and red channels, I g and I r , were averaged over all the ROI pixels in every frame, and then normalized by the corresponding averages, μ(I g ) and μ(I r ), over a time interval
This method is less affected by motion compared to the method when a single-color channel (e.g., green) is used [31] .
C. PPG Evaluation
The signal-to-noise ratio (SNR) was analyzed for the measured PPG using a similar method as [31] and [41] . We computed a 1200-point fast Fourier transform and detected the heart rate using peak detection in the frequency domain. The majority of the PPG power is found around heart rate (∼1 Hz) and its corresponding harmonics. The signal power was then defined as the sum of the squared magnitudes of five bins around the heart rate, and five bins each around the second and third harmonics. The noise power was the sum of the squared magnitudes of all the other bins in the pulse frequency range (0.5-4 Hz). The ratio of signal power to noise power provided SNR according to
where S(f ) is the spectrum of the signal, f is the frequency (Hz), and U t (f ) is a binary window to pass the pulse frequency and isolate the noise frequency.
D. BCG Feature Extraction and Evaluation
We extracted several features from measured BCG waveforms, including ensemble averages, IJ intervals, and amplitudes. Ensemble averaging was performed over the obtained waveforms to look into the morphology of these signals. In order to obtain the ensemble average, we plotted the 20-s duration signal as an eye diagram over one cardiac cycle. Multiple individual cycles (∼20 beats) were aligned and then averaged to obtain an ensemble waveform. This is similar to the methods reported in the literature [19] , [20] to analyze BCG. A time duration of 20 s results in adequately stable ensemble waveform [19] . The IJ interval was calculated as the time difference between acceleration BCG I a peak and J a peak in the same beat, while the IJ amplitude was the absolute value of the amplitude from I a peak to J a peak.
Compared to PPG, BCG frequency components are more complex and have a wider distribution in the spectrum [see Fig. 2 (e) and (f)]. The majority of the BCG power stays in the range of 1-10 Hz [19] , [24] . Therefore, we evaluated the SNR of BCG based on two methods: one of them employing maximum likelihood and the other using the sample correlation coefficient [20] , [42] .
SNR estimation based on maximum likelihood can be obtained by
where EA sub,1 is the subensemble average for the first 10 s of the measured displacement BCG, and EA sub,2 is that for the remaining 10 s. N is the number of samples in the subensemble averages and i is the sample time index. Another SNR estimation method is based on the sample correlation coefficient r The SNR can be then calculated as
where A and B are given by
E. Reference Technology
We have validated PPG detection in our previous work [35] . To validate the presented BCG detection method, we compared the measured BCG waveforms against those in the literature [14] , [43] , and also carried out BCG measurement simultaneously with the accelerometer, which is a well-accepted method for acceleration BCG monitoring [9] , [17] , [18] , [44] . The accelerometer (LSM330) used for the purpose of this study is that found in a commercial off-the-shelf Samsung S4 smartphone. The sample rate of the accelerometer is set at 50 Hz, and based on the datasheet [45] , the linear acceleration sensitivity is typically around 0.007 m/s 2 . The noise level is about 0.005 m/s 2 , which is estimated from the standard deviation by keeping the smartphone stationary on a flat surface for 30 s. For measurements with test subjects, the smartphone was placed on the subject's forehead and held in place with a rubber band [see Fig. 1(a) ]. The y-axis (feet-head direction) acceleration measured by the accelerometer was compared to the vertical acceleration BCG obtained using the presented method. The Pearson's linear correlation coefficients between ensemble averages, IJ amplitudes, and intervals obtained using the two methods were calculated.
F. Pilot Study Participant Information
We carried out a small-scale pilot study to demonstrate the presented video-based method for monitoring BCG and PPG simultaneously. The study included 23 subjects (approved by the Institutional Review Board at Arizona State University, No. STUDY00003483). The subjects included 15 males and 8 females of different ages (29 ± 5 years old, mean ± SD) and ethnic profiles, and from different regions (North America, South America, East Asia, and South India). The skin colors of the subjects ranged from type II (white) to type V (brown) based on the Fitzpatrick scale [46] . Informed consents were obtained from all the subjects following an approved protocol. None of the subjects had any known cardiovascular disease.
III. RESULTS
A. BCG and PPG
We obtained the displacement BCG and PPG simultaneously from a video of each subject. Fig. 2 shows the results for a male subject. The J d -peak, one of the most prominent features of BCG, is clearly resolved in the displacement BCG obtained with the presented video method [see Fig. 2(a) ]. The corresponding velocity and acceleration BCGs were obtained by taking first and second temporal derivatives, and then filtering them with a second-order Butterworth filter with a passband of [0.5, 10] Hz [see Fig. 2(b) and (c) ]. The obtained PPG is shown in Fig. 2(d) . DC bias is removed from these signals. Ensemble averages of these waveforms are provided on the right of the figures. The power spectra of the displacement BCG and PPG are shown in Fig. 2(e) and Fig.(f) . Fig. 3 shows the BCGs detected from three different facial features (facial hair, mole, and nostril) using the same video of a male subject. BCGs obtained from different features look very similar. The Pearson's linear correlation coefficients between every two signals are larger than 0.95, implying that the displacement BCGs obtained from the three features are strongly correlated.
B. Validation of BCG Detection
To validate the presented video-based noncontact method for BCG detection, we carried out simultaneous measurement of BCG with a reference device (accelerometer). The acceleration BCGs along the feet-head direction obtained using the presented, and the reference methods are plotted in Fig. 4 . Both waveforms are filtered with a second-order Butterworth filter with a passband of [0.5, 10] Hz. The obtained BCG waveform from the video is resampled from 60 to 50 Hz to match the sampling rate of the accelerometer for comparison purpose. The overall patterns and the obtained cardiac cycles from the two methods are consistent with each other, which validates the presented noncontact method for BCG monitoring.
To further examine the detailed features of the BCGs obtained with the two methods, ensemble averaging was performed for two subjects over a duration of 20 s, and the resulting waveforms, including individual cycles (dash lines) and ensemble averages (solid lines), are shown in Fig. 5 .
For both subjects, the major peaks in BCG waveforms from the presented and reference methods are similar, and the Pearson's linear correlation coefficients are larger than 0.95, implying that the test results obtained from the two methods are strongly related. Furthermore, the obtained BCGs from both methods are also consistent with the typical direct body measurement BCG waveforms reported in the literature [14] , [44] . Velocity (m/s) 2.5 × 10 −3 [28] 4 × 10
Acceleration (m/s 2 ) 0 . 1 [9, 17] , 0.08 [45] 0.09
The reference values are estimated from the reported test results (plots). The values from the presented method are averaged over 23 healthy subjects.
C. Small-Scale Pilot Study
In the small-scale pilot study, we performed the test as described in the previous section on each subject. Fig. 6 shows the displacement BCGs obtained from seven different subjects for the purpose of demonstration. The overall BCG waveforms are similar for all subjects, but the detailed features show substantial variations due to different physiological attributes, which have also been reported by other literature works [20] , [47] , [48] . The largest amplitudes of the measured displacement BCG Jpeaks ranged from 1 × 10 −4 to 2 × 10 −4 m. The velocity and acceleration peaks varied from 2 × 10 −3 to 6 × 10 −3 m/s, and 0.05 to 0.15 m/s 2 , respectively. These values are comparable to those reported by other researchers using different methods (see Table I ). For the same subject, the measurement error for these values was about 10% in consecutive tests.
We compared the IJ amplitudes (|a|) and intervals (t) of acceleration BCGs determined using the presented method with Fig. 7 . Correlation between the IJ amplitudes of acceleration BCGs obtained using the presented and reference methods. The red line is a linear fit of the scattered data. The blue line is the identity line (slope = 1). Fig. 8 . Correlation between the IJ intervals of acceleration BCGs obtained using the presented and reference methods. The red line is a linear fit of the scattered data. The blue line is the identity line (slope = 1). The plot has overlapping data points. those using the reference accelerometer. Figs. 7 and 8 show the plots of these two values from 73 tests with linear leastsquares regression. Good linear correlation is found between the presented and reference methods for both plots (R 2 = 0.82 and R 2 = 0.7). The difference between the two methods may be attributed to different body locations (the mouth region for the presented method and the forehead for the accelerometer). The accuracy may also be affected by the calibration error. Fig. 9 summarizes the Pearson's linear correlation coefficients between the BCGs measured using the presented method and the reference accelerometer. Fig. 10 shows the BCG SNR values based on maximum likelihood (8) and sample correlation coefficient (10) using the presented method. All the test results are divided into four groups based on the types of facial features used for motion tracking. The SNR values and the standard deviations are comparable to those in [20] using the weighing scale. Figs. 9 and 10 suggest that the selection of facial features is not a key factor for video-based BCG monitoring since the values are comparable among different features. To evaluate the PPG quality, we plotted the PPG SNR, as shown in Fig. 11 . All the test results are divided into four different skin types. The overall SNR values are comparable to other studies [31] , [41] . The SNR values from lighter skin tone subjects are better than darker skin tone subjects, which have also been reported by other researchers [31] . 
D. Signals From Other Posture
We also validated the presented method against the sitting position. Fig. 12 shows the signals obtained when the subject was sitting on a chair. BCG was obtained by tracking facial feature (mole) and PPG was obtained from the mouth region, using the same methods as described in the previous section. The subject was the same as the one in Fig. 2 . An accelerometer was also used as a reference device for comparison. Pearson's linear correlation coefficient between the presented method [see Fig. 12(c) ] and the reference device [see Fig. 12(e) ] is 0.97. BCG waveforms show difference between sitting and supine positions, which has also been reported in other literature [25] .
IV. DISCUSSION
We presented a noncontact method to monitor BCG and PPG simultaneously from the same video. The selection of facial features is not critical for BCG monitoring, but sharp focus of facial features in the video is beneficial for accurate tracking of BCG. SNRs of PPG from dark skin subjects were slightly worse than that from light skin subjects, but the overall quality is satisfactory for all the cases. However, the presented method will face challenge in the extreme case when the subject face is covered with heavy make-up, or no sharp features, such as nose or mouth, are recorded in the video, which will make it difficult for our proposed method to perform intensity analysis or track motion for PPG and BCG measurements. We validated the presented method with both supine and sitting positions. Compared to the supine position, the sitting position is more easily affected by motion artifacts, since the body is more prone to involuntary movement in the latter posture due to an absence of support that is typically afforded in the former posture.
Future works will include improvement of the BCG and PPG qualities via different approaches. First, the temporal resolutions of BCG and PPG are constrained by the video frame rate, which is currently 60 frames/second. A faster camera could be used to improve the temporal resolution, which will be beneficial for analyzing the high-frequency features and the timing characteristics of the signals. Second, since both BCG and PPG are sensitive to motion-induced artifacts, effective tracking algorithms may help to mitigate the noise due to unrelated body motions. Third, BCG may affect PPG [50] . Taking difference between two normalized color channels may help make PPG less affected by motions (including BCG), as in (6) . The implementation of more advanced chrominance-based methods may further help minimize the artifacts [31] . Accurate measurements of BCG and PPG may help better interpretation of these waveforms for further applications.
Future works will also include clinical studies with more subjects, especially those with abnormal cardiovascular functions, which will help relate BCG features to physiological conditions of the subjects, and further validate the clinical value of the presented technique. Finally, pulse transient time could be obtained from BCG and PPG, from which, one may estimate the blood pressure without using a cuff [18] , [51] , [52] .
V. CONCLUSION
The presented study is the first demonstration of simultaneous noncontact BCG and PPG monitoring without wearing any extra equipment or marker by the subject. From the displacement BCG, velocity and acceleration BCGs are obtained. The acceleration BCG waveforms were consistent with those reported in the literature, and were validated with an accelerometer-based reference method. We verified the robustness and reproducibility of our method with a small-scale pilot study involving 23 subjects with different ethnic profiles and skin tones (light and dark skin colors).
The presented method shows that in addition to PPG, BCG can also be obtained from the same body location, which potentially provides a low-cost solution to record physiological parameters related with these two signals simultaneously using a single camera under normal living conditions. PPG contains key information about heart rate, HRV, and saturated blood oxygen level. The addition of BCG provides more cardiovascular parameters (e.g., stroke volume). With both BCG and PPG, the blood pressure may be determined.
